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Objectives
. This study aimed to validate a method for mass
potation In vitro and in vivo and to compare It with conven-
tonad methods .
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of deter.
ventricularmining kit
limited by assumptions f ventric-
ular . To improve ac ,
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for mass computation
.
M . Eleven fixed hearts were Imaged by
echocardiography, and mass was determined in vitro by multiply-
ing the myocardial volume by the density of each heart and
comparing it with the true mass. Mass at diastole and systole by
three-dimensional echocardiography and magnetic resonance im-
(MRI) was compared in vivo in 15 normal subjects . Ten
subjects also underwent imaging by one- and two-dimensional
lography, and mass was determined by Penn convention,
area-iengUt and truncated ellipsoid algorithms
.
Left ventricular mass is an important clinical variable to
study in patients with various cardiac pathologies, including
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Results. In vitro results were r
=
0,995, SEE 2.91 g, accuracy
3.47% . In vivo interobserver variability for systole and diastole
was 16.7% to 27%, 14% to 18.1% and 6.3% to 12.8%, respec-
tively, for one-, two• and three-dimensional echocardiography and
was 7,5% for MR] at end-diastole. The latter two agreed closely
with regard to diastolic mass (r = 0.895, SEE 11 .1 g) and systolic
mass (r = 0.926, SEE 9 .2 g) . These results were significantly
better than correlations between MRI and the Penn convention
(r = 0.725, SEE 25.6 g for diastob :; r = 0.7 , SEE 28.7 g for
systole), area-length (r = 0.694, SEE 24 .2 g for diastole ; r == 0 .717,
SEE 28.2 g for systole) and truncated ellipsoid algorithms (r =
0.687, SEE 21 .8 g for diastole; r = 0.710, SEE 24.5 g for systole) .
Conclusions. Image plane positioning guidance and elimination
of geometric assumptions by three-dimensional echocardiography
achieve high accuracy for left ventricular mass determination in
vitro. It is associated with higher correlations and lower standard
errors than conventional methods in vivo.
(J Am Cell Cardiul 1994,24 :504-13)
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hypertension, valvular heart disease, heart failure and ven-
tricular remodeling after myocardial infarction . The
Framingham study (1) has demonstrated that elevated left
ventricular mass is an independent and stronger predictor of
morbid cardiac events and death than blood pressure or
other risk factors, except for age . Conventional one-
dimensional M-mode and two-dimensional echocardio-
graphic methods of measuring mass are associated with
comparatively high measurement variability, particularly in
abnormally shaped ventricles (2) . Alternate imaging modal-
ities, such as magnetic resonance imaging (MRI) and com-
puted tomography, are expensive, nonportable and not
widely available for serial mass determination in patients .
Therefore, a more accurate, reproducible echocardiographic
method of computing cardiac mass would be useful, but to
date none has been available .
Echocardiography is a low-cost, noninvasive, portable,
easily repeatable modality useful for left ventricular mass
determination. Current one- (3,4) and two-dimensional
echocardiographic methods (5-7) are limited by assumptions
with regard to ventricular geometry and image position,
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Figure 1 . Three-dimensional
echocardiographic method of left
ventricular mass determination
from unequally spaced, nonparal-
lel, nonintersecting short-axis
cross sections. Top left, First
parasternal long-axis reference
image. The vertical white lines are
the lines of intersection of real-
time guided short-axis cross sec-
tions positioned using the line of
intersection display . Top right,
Second parasternal long-axis ref-
erence image, which visualizes
the apex . White lines represent
the same guided short-axis images
as those shown in the top left
panel. Bottom left, Real-time
short-axis image with the line of
intersection of both reference im-
ages shown . Bottom right, Traced
epicardial and endocardial bound-
aries of a digitized real-time short-
axis image to be used for calcula-
tion of left ventricular mass by
polyhedral surface reconstruction .
particularly in patients with regions of asynergy . These
assumptions are required because conventional scanners
allow the operator to obtain images in a variety of positions,
angulations and rotations but do not document image posi-
tion or register the spatial relation between sequentially
acquired images. Hence, relations between images and dis-
tances between structures cannot be precisely measured
unless both are visualized in a single two-dimensional image .
The truncated ellipsoid and area-length algorithms for left
ventricular mass determination by two-dimensional echocar-
diography are currently recommended by the American
Society of Echocardiography (8). However, these methods
use unguided two-dimensional apical four-chamber and
parasternal short-axis views for which assumptions of geo-
metric shape and image relations are made . These assump-
tions may result in relatively high interobserver variability,
thus limiting the ability to predict and study mass in individ-
ual patients .
A variety of three-dimensional echocardiographic scan-
ners address the issue of geometric assumptions by spatially
registering sequential images (9-19). These developmental
prototypes have been validated extensively for volume de-
termination in vitro. However, only preliminary data in car-
diac transplant recipients by McGaughey et al . (20) exist
with regard to measurement of left ventricular mass . Al-
though these systems reduce measurement variability by
eliminating the need for geometric assumptions, none ad-
dresses the issue of image plane positioning error in the
nonvisualized dimension .
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To overcome these limitations, we constructed a three-
dimensional echocardiograph that registers transducer and
image position and orientation in an independent, external
three-dimensional spatial coordinate systcaj (19) . The prob-
lem of accurate image plane positioning has been solved by
the novel use of an orthogonal reference image that inter-
sects the real-time image, producing a "line of intersection„
display (21) (Fig . 1) . Use of this display enables the operator
to more accurately position the real-time image planes to
define a particular anatomic boundary or measurement
shown in the reference image (22,23). To implement volume
and mass computation, the ventricular endocardial and
epicardial surfaces are reconstructed using a polyhedral
surface reconstruction algorithm . The enclosed volumes are
represented by a series of tetrahedrons, the volumes of
which are computed and summed (24). The system has an
overall volume computation accuracy of 0 .4% in vitro (25) .
A comparison of its volume computation accuracy with that
of MRI in vitro showed them to be comparable (26) . A
subsequent in vivo study of left ventricular volume compu-
tation by three-dimensional echocardiography also showed
results comparable to MR1 in normal human volunteers (27) .
This report evaluates the results of our in vitro and in vivo
validation studies using three-dimensional echocardiography
for left ventricular mass computation . Mullislice, multiphase
spin-echo MRI using five cross-sectional images at end-
diastole is used as a standard of comparison . This method
has been validated independently for mass computation
(28,29) and is a suitable standard of comparison, as demon-
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strated by our previous in vitro (26) and in vivo (27) work .
We also report a comparison of in vivo mass results by
three-dimensional echocardiography with those obtained by
one- (3,4) and two-dimensional (8) echocardiography .
Methods
7bret4mensional ecliccardiographitc instrumentation .
Three-dimensional echocardiography was performed with
a real-time conventional two-dimensional echocardio-
graph (model 77020AC, Hewlett-Packard) linked to a three-
dimensional acoustical spatial hater (model GP 8-31) . Sci-
ence Accessories Corp.) that associates three-dimensional
spatial coordinates with each image. The real-time images
and spatial coordinates are transmitted to a personal com-
puter (model AST Premium/286, AST Research) that con-
trols system operation and provides a means for subsequent
analysis of the acquired three-dimensional data . The system,
principles and methods of operation have been described
elsewhere (21) . Briefly, an array of three sound emitters is
rigidly attached to a 2 .5-MHz ultrasound transducer and are
activated in sequence, sending 60-kHz sound waves to each
of four overhead microphones mounted in a square array
positioned 0.75 m above the patient . The time for the sound
to travel from each emitter to each microphone is measured,
corrected for environmental conditions and used to calculate
the X, Y, Z coordinates of the transducer and its image in a
spatial coordinate system defined by the microphone array.
The accuracy of the three-dimensional acoustic spatial loca-
ter is -0.1% of the distance from the sound emitter to the
microphone, permitting localization of each sound emitter to
within I mm (30-32) .
Three4imensional echocardiographic "line of intersection
d4by
." The "line of intersection display" is used to show
the three-dimensional relation of several two-dimensional
images. It allows the operator to see the position and orien-
tation of the real-time image in relation to anatomic land-
marks in its orthogonal, nonvisualized dimension . It is
created by first sating in computer memory a long-axis
reference image. When subsequent short-axis images ap-
proximately orthogonal to the long-axis image are acquired
with their spatial oordinates, they intersect the long-axis
reference image, liefining a line common to both images, the
line of intersection. This line is computed and displayed as a
white line in each image (Fig . 1). As the real-time image is
moved by the operator, the spatial coordinates are rapidly
and repeatedly updated and the line of intersection is recom-
puted and redisplayed to show the changing relation of the
real-time image to anatomic landmarks in the reference
image (21) . The ability to see this relation is helpful for
guiding the position of the real-time image for linear mea-
surements, for positioning end-planes at the aortic valve and
apex and for optimally positioning image planes through the
body of the ventricle to visualize endocardial boundaries . It
is also useful for instructing sonographers and assessing their
performance in positioning images (22) .
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Three-dimensional echocardiogr2phic image acquisition
protocol. A series of images of a structure, such as the left
ventricle, can be obtained that adequately depicts its size
and shape. Subsequently, these images may be recalled from
a computer file, their borders traced and the structure
reconstructed by the computer . To establish a reference
image and make use of the line of intersection display,
images must be acquired in an appropriate sequence (Fig. 1) .
This sequence produces optimal positioning of the principal
reference image, the parasternal long-axis image . Initially, a
preliminary "positioning" short-axis image is acquired
through the aortic valve . Next, a second positioning short-
axis image is acquired close to the left ventricular apex .
Then, the transducer is turned to obtain a real-time long-axis
image . At this point, the line of intersection of the long-axis
image with each positioning short-axis image is computed
and displayed within all three images . These images are
alternately viewed by pressing appropriate function keys on
the computer keyboard . While viewing the positioning short-
axis images, the operator adjusts the position of the long-axis
image so that its line of intersection in each positioning
short-axis image passes as closely as possible through the
center of the aortic valve and the center of the left ventric-
ular apex. When this result is achieved, the long-axis image
has been optimally positioned and is saved in computer
memory for subsequent use . Because the apex of the ven-
tricle is usually not visible in a conventional parasternal
long-axis view, two long-axis reference images are acquired ;
the second, at a lower interspace, includes the apex . The
operator then uses these reference images, together with the
line of intersection display, to selectively guide and position
a series of registered, unequally spaced, nonparallel short-
axis "data" images spanning the ventricle from the inferior
surface of the aortic valve leaflets to the epicardial apex, as
shown in Figure 1 . The lines shown in Figure l represent the
intersection of each acquired short-axis image with the
reference long-axis images
Three-dimensional echocardiographic polyhedral surface
reconstruction algorithm
. Epicardial and endocardial bound-
aries in each short-axis cross section are traced (Fig . 1), and
the total volume subtended by each set of traced boundaries
is determined using a polyhedral surface reconstruction
algorithm (26). Each traced boundary is divided by interpo-
lation into 180 equally spaced coordinate points, and the
centroid of each boundary is automatically determined . Pairs
of adjacent boundary coordinate points are then connected,
creating a pair of triangular surface tiles for each pair of
corresponding points. Each triangle is defined by two con-
secutive points on the same boundary and a single point on
the adjacent boundary . Thus, the triangle is created by a
single "contour element" and two "spans ." Boundary co-
ordinate points are also connected to the centroids to define
180 separate wedges, or sectors
. Each wedge is then decom-
posed into three separate tetrahedrons to yield a total of 540
tetrahedrons per slice . The volumes of the 540 tetrahedrons
are summed to yield slice volume. Slice volumes are in turn
JACC Vol. 24, No. 2
GOPAL ET AL
	
507
August 1994 :504-13
CARNAC MASS BY THREE-DIMENSIONAL ECHOCARDIOGRAPHY
summed to yield the volume of the ventricle demarcated by
the traced boundaries .
In vitro validation of three-Mmensiomal echocardiography .
Three-dimensional echocardiographic imaging procedure .
Eleven sheep and pig hearts, trimmed to remove the atria
and right ventricular free wall and fixed in glutaraldehyde,
were used as imaging targets . The hearts were imaged in a
water bath at a depth of -6 cm by a 2 .5-MHz transducer.
Using a single ion -axis reference image and the line of
intersection display described earlier, a series of eight to
nine cross sections were acquired, spanning the ventricle
from base to apex . The images were not required to be
evenly spaced or parallel . However, images were carefully
positioned so that their lines of intersection did not cross
within the left ventricular cavity .
Three-dimensional echorardiographic tracing procedure .
After cacti data set was acquired, the images were recalled,
and the boundaries were traced by use of the mouse-driven
cursor. Epicardivi and endocardial boundaries were traced
on the white side of the blacknalwhite boundary twice by
a single observer. The myocardial volume was determined
by subtracting the endocardial volume from the epicardial
volume. Papillary muscles were considered part of the
myocardium when they were contiguous with the endocar-
dial boundary and part of the ventricular cavity when they
were discontinuous with the endocardium .
Determination of true mass . The mass of each heart was
determined by multiplying the myocardial volume by the
specimen density . The true density of each fixed heart was
computed by dividing the specimen weight by the true
myocardial volume measured by water displacement. Myo-
cardial mass by three-dimensional echocardiography was
compared with true mass .
Analysis . Three-dimensional echocardiographic results
were compared with true mass by the Pearson correlation
coefficient and simple regression . The F test was used to test
the null hypothesis that three-dimensional echocardiography
and true mass measurements were identical, thus yielding
the eqil?tion y = x . The regression estimates of the slope and
intercept were simultaneously tested against values of I and
0 (values for the line of identity) by the F test (33) . Accuracy
(root mean square percent error) was determined according
to equation 1, where 'i = average of the two mass values
obtained by the observer for each specimen ; x, = true mass
value of each specimen; 1, = average of true mass values ;
and n = 11 :
V2 .5 - Ono I I
R,
P]
In vivo validation of three-dimensional echocardiography
and comparison with one- and two-dimensional echocardiog-
raphy . Subjects . Seventeen normal volunteers were
screened to provide a wide range of cardiac masses . Of
these, 15 subjects (7 men, 8 women ; 23 to 41 years old ; body
surface area 1 .38 to 2 .17 m 2) were enrolled for participation .
One subject was excluded because of poor echocardio-
graphic image quality and another because of poor magnetic
resonance image quality . All subjects were voluntary partic-
ipants and gave verbal informed consent before the study .
Subjects were imaged by three-dimensional echocardiogra-
phy and gated cardiac MIDI . Ten of these subjects (6 men, 4
women ; 26 to 41 years old ; body surface area 1 .53 to 2 .17 m 2)
also underwent left ventricular mass determination by con-
ventional one- and two-dimensional echocardiography .
Left ventricular mass by three-dimensional echocardiog-
raphy. Examinations were easily performed in the left lat-
eral decuhitus position and were of minimal technical diffi-
culty . High quality images with easy and complete
identification of all structures were available in all cases
.
Images were always acquired at end-expiration using the
standardized three-dimensional echocardiographic imaging
protocol described earlier using two reference long-axis
images, and eight to nine short-axis slices were acquired
using the line of intersection display . When significant pa-
tient motion occurred during image acquisition, the data set
was discarded, and the procedure was repeated . Separate
sets of reference images and short-axis images were col-
lected at end-diastole and end-systole . Approximately 6 to
8 min was required for acquisition of each diastolic and sys-
tolic data set . Epicardial and endocardial boundaries were
then manually traced for each image requiring -1 min/
boundary . Total volume subtended by the traced epicardial
and endocardial boundaries was determined using the poly-
hedral surface reconstruction algorithm described earlier .
Myocardial volume was then calculated by subtracting the
endocardial volume from the epicardial volume, Myocardial
mass was determined by multiplying this volume by 1 .05
glml, the density of myocardium . Mass was determined from
the end-diastolic images, as well as from the images with the
smallest chamber dimension, or end-systolic images. Left
ventricular mass was determined by two observers in a
blinded manner, and the results were averaged .
Left ventricular mass by one-dimensional echocardiogra-
phy. Subjects were imaged by unguided M-mode echocar-
diography, and left ventricular mass was obtained from a
tnidventricular dimension using a regression-corrected,
modified cube method or Penn convention (3) .
Left ventricular mass by two-dimensional echocardiegra-
phy. Left ventricular mass was determined by two-
dimensional echocardiographic methods currently recom-
mended by the American Society of Echocardiography on
the basis of an area-length model and a truncated ellipsoid
model (7,8) . Both methods use the midventricular short-axis
view at the level of the papillary muscle tips, generally the
widest short-axis left ventricular diameter and apical four-
and two-chamber views to maximize the length of the
ventricle. The area-length method uses the entire major axis,
whereas the truncated ellipsoid method divides the major
axis at the widest minor axis into semimajor and truncated
semimajor axes. End-diastolic frames were selected, digi-
JACC Vol. 24. No . 2
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tized and traced using a video display analysis system (Color
Workstation, Freeland Medical System) . Mass was calcu-
lated from the total area subtended by the epicardium and
cavity area and their difference, or myocardial area (8) . For
tracing purposes, papillary muscles were considered part of
the cavity .
Left ventricular mass by MRI . Magnetic resonance im-
aging was performed within 2 to 4 h of the three-dimensional
echocardiographic study using a 1 .5 T Sigma system (GE
Medical). Subjects were connected to telemetered electro-
cardiographic gating with respiratory compensation and then
placed in a 30° left anterior oblique (left shoulder down)
position placing the left ventricular long axis in the coronal
plane. Initial "scout" proton imaging was obtained using a
multislice, single-phase, gated spin echo sequence (repeti-
tion time one RR interval ; echo time 20 s). The coronal
images (long axis) were acquired in a 256 x 128 matrix . The
scout image displaying the longest vertical axis of the heart
was used to define the location for the subsequent slices used
to calculate left ventricular volume. Five contiguous slices
perpendicular to the long axis of the heart (short-axis views)
were located on the scout image spanning the ventricle from
base to apex. The slice thickness was l em, but the interslice
gap was adjusted so that the first slice transected the base of
the heart and the fifth slice the apex . Images were then
acquired using a gated, multiphase, multislice spin echo
sequence with an echo time of 30 ms and repetition time
equal to the RR interval. Images were collected into a 256 x
128-voxel matrix, using a total of two averages. Endocardial
blood pool boundaries were enhanced by applying saturation
outside the region of interest along the cephalocranial and
mediolateral axis. End-diastolic images acquired 60 ms after
the onset of the QRS complex were digitized into a video
display analysis system (Color Workstation, Freeland Med-
ical System). Total imaging time was 30 min/subject .
A summation of slices method was used to determine
volumes defined by the end 'um and epicardium. Endo.
cardial and epicardial borders of end-diastolic images were
traced twice by two independent observers, and the corre-
sponding area was multiplied by the slice thickness to obtain
the slice volume . The interslice volume (gap volume) was
estimated by averaging the area of the adjacent slices and
multiplying this by the gap thickness. Endocardial volume was
subtracted from epicardial volume to yield myocardial volune,
which was multiplied by myocardial density 1 .05 glml to yield
myocardial mass . The results of both observers were averaged .
Analysis . Conventions for boundary tracing by one-,
two-, and three-dimensional echocardiographic methods
were as follows : 1) tracing was performed on the myocardial
or white side of the black-and-white endocardial and epicar-
dial boundaries
; and 2) papillary muscles were excluded
from the mass when they were not contiguous with the
endocardium and were included in the mass when they were
contiguous with the endocardial boundary . This convention
was required for papillary muscle tracing because the poly-
hedral surface reconstruction algorithm does not accept
discontinuous data. Boundary tracing of magnetic resonance
images always excluded the papillary muscles from the
myocardial volume . The mean mass values of two observers
at end-diastole and end-systole were determined for one-,
two- and three-dimensional echocardiography . End-diastolic
mass by MRI was used for comparison .
For 15 normal subjects, interobserver variability for
selection of images and boundary tracing was determined for
three-dimensional echocardiography and MRI, as shown in
equation 2, where x r = values of observer 1
; x
2 = values of
observer 2 ; and n - 15:
	
~1(x6 -- x2) 2dn
2 (xiin6 + I xrln
Three-dimensional echocardiographic mass values ob-
tained in systole and diastole were compared with MR]
values using the Pearson correlation coefficient and simple
regression . The F test was used to test the null hypothesis
that 1) MRl and three-dimensional eehocardiographic dia-
stolic measurements were identical, 2) MR] and three-
dimensional echocardiographic systolic measurements were
identical, and 3) three-dimensional echocardiographic dia-
stolic and systolic measurements were identical, thus yield-
ing the equation y = x . The regression estimates of the slope
and intercept were simultaneously tested against the values
of 1 and 0 (values for the line of identity) by the F test (32) .
Statistical analysis (Pearson correlation coefficient and
simple regression) was performed using separate compari-
sons of one-, two-, and three-dimensional echocardiographic
methods to MRI for a subset of 10 subjects .
Results
In vitro validation. results of three-dimensional
echo cardiographic in vitro validation studies in fixed animal
hearts are illustrated in Figure 2 . Specimen masses ranged
from 63.4 to 136 .9 g. An excellent correlation between mass
by three-dimensional echocardiography and true mass was
obtained : r = 0 .995, SEE 2 .91 g . p < 0.001 . The regression
equation (ThrcvA' r:.casiunl echocardiographic mass =
I .061True mass) - 8.26) was not statistically different from
the line of identity by the F test . The root mean square
percent error or accuracy was 3 .47%.
In vivo validation. The results of three-dimensional
echocardiographic in vivo validation studies using MRI as a
standard of comparison are illustrated in Figure 3 . Masses of
the 15 normal subjects ranged from 70.2 to 149.5 g . Inter-
observer variability of three-dimensional echocardiography
was 12 .8% for diastolic values and 6 .3% for systolic values .
Interobserver variability of MRI was 7.5% for diastolic
values. Correlation coefficients and standard errors of the
estimate between two observers for three-dimensional echo-
cardiography were r = 0.90 and SEE 9.24 g for diastole and
r = 0.96 and SEE 6.84 g for systole. The correlation between
121
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Figure 2. In vitro validation . Left ventricular mass determined in
vitro by three-dimensional echocardiography (3D ECHO) plotted
against true mass. Regression equation is plotted as a solid fine-,
dashed flness represent 95% confidence intervals . r ~ Pearson corre-
lation coefficient ; Accuracy = root mean square percent error .
two observers for MR1 measurements was r = 0.99 and
SEE 4.07 g. Three-dimensional echocardiographic dia-
stolic masses were not statistically different from three-
dimensional echocardiographic systolic masses by the F
Figure 3 . In vivo validation . The left ventricular mass determined in
vivo during diastole (top) and systole (bottom) by three-dimensional
echocardiography (3D ECHO) is plotted against mass determined by
magnetic resonance imaging (MRI) . Regression equation is plotted
as a solid tine; dashed titres represent 95% confidence intervals, r
Pearson correlation coefficient .
YAK] mass (g)
I
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test . The regression of left ventricular mass determined by
three-dimensional echocardiography during diastole against
MRI produced r z= 0.895 and SEE IL 12 g. The regression
equation for values obtained at diastole (Three-dimensional
echocardiographic mass = 0,854[MR] mass] ± 12 .2) was not
different from the line of identity by the F test . The
regression of left ventricular mass determined by three-
dimensional echocardiography during systole against MR[
was r = 0.926 and SEE 9.24 g for the equation. Three-
dimensional echocardiographic mass = 0 .867(MRI mass) +
10.3. There was no significant difference between the latter
regression equation and the line of identity by the F test
using two degrees of freedom and n - 2 = 13 .
In vivo comparison of one-, two- and three-dimensional
echocardiography with MR1 . Masses ranged from 74.8 to
149.5 g for the subset of 10 subjects who underwent com-
parison studies . Comparisons of the one-dimensional Penn
convention and three-dimensional echocardiography with
MRI are shown in Table 1 . interobserver variability by the
Penn convention was 27.0% for diastolic values and l6 .7%
for systolic values. Compared with the Penn convention,
three-dimensional echocardiography achieved a higher cor-
relation coefficient (r = 0 .725 vs. r - 0.882 for diastole ; r =
0.788 vs. r = 0.908 for systole), lower standard error of the
estimate (25.6 vs. 10 .4 g for diastole; 28 .7 vs. 10.8 g for
systole) and a more significant p value (p = 0.018 vs. p
0.001 for diastole ; p = 0.007 vs. p = 0.001 for systole) .
Comparisons of the two-dimensional echocardiographic
area-length method recommended by the American Society
of Echocardiography and three-dimensional echocardiogra-
phy with MRI are shown in Table 1 . Interobserver variability
by the area-length method was 14.0% for diastolic values and
18 .1% for systolic values . Compared with the area-length
method, three-dimensional echocardiography achieved a
higher correlation coefficient (r = 0 .694 vs. r = 0.882 for
diastole; r = 0 .717 Vs . r = 0.908 for systole), lower standard
error of the estimate (24,2 vs
. 10 .4 g for diastole ; 28 .2 vs .
10.8 g for systole) and a more significant p value (p = 0 .03 vs .
p = 0.001 for diastole ; p = 0.03 vs. p = 0.001 for systole) .
The results of the comparison of the two-dimensional
echocardiographic truncated-ellipsoid method recom-
mended by the American Society of Echocardiography and
the comparison of three-dimensional echocardiography with
MRI are shown in Table 1 . Interobserver variability by the
truncated ellipsoid method was 16.3% for diastolic values
and 16 .6% for systolic values
. Compared with the truncated
ellipsoid method, three-dimensional echocardiography
achieved a higher correlation coefficient (r = 21 .8 g vs . r =
10.4 g for diastole; r = 24 .5 g vs
. r = 10.8 g for systole)
and a more significant p value (p = 0
.03 vs, p = 0 .001 for
diastole ; p = 0.02 vs, p = 0
.001 for systole) .
Discussion
From these results, we conclude that three-dimensional
echocardiography achieves high accuracy for left ventricular
510
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T
1 . Comparison of One-, Two-
and Three-Dimensional Echocardiographic
Mass Determination With Magnetic Resonance Imaging
mass determination in vitro. In addition, three-dimensional
echocardiography also achieves highly accurate in vivo
results in normal subjects . The standard error of the estimate
for three-dimensional echocardiography compared with MBI
in normal subjects is in the range 9 to I I g . Improved
interobserver variability is obtained by the three-dimen-
sional echocardiographic method for values at end-systole
compared with those obtained at end-diastole, probably as a
result of superior endocardial boundary recognition. Left
ventricular mass by three-dimensional echocardiography is
also associated with higher correlation coefficients and at
least a twofold improvement in the standard error of the
estimate compared with conventional one- and two-
dimensional echocardiographic methods . We believe that
these results are achieved by using the line of intersection
display for image positioning guidance and by the use of a
polyhedral surface reconstruction algorithm that eliminates
the need for geometric assumptions . No significant differ-
ences were noted between mass values obtained by three-
dimensional echocardiography at end-diastole and those
obtained at end-systole . This is consistent with the relative
constancy of mass during the extremes of the cardiac cycle,
as reported by other investigators (7,29,34,35) .
CwWwhan with eon tiional og studies .
Previous echocardiographic methods of measuring left ven-
tricular mass have used M-mode and two-dimensional tech-
niques (2-7), all of which require geometric assumptions .
Devereux and colleagues (3,4) described a one-dimensional
echocardiographic technique, known as the Penn conven-
tion, that derives ventricular mass by a regression equation
from an unguided unidimensional measurement of the thick-
ness of the septum, posterior wall, and left ventricular
chamber dimension . These investigators also showed, how-
ever, that the geometric assumptions required for M-mode
methods cannot account for variability in left ventricular
distribution of mass as the abnormal heart deviates from its
normal shape. The observer variability associated with
M-mode measurements made in our study is consistent with
the values of 1thl to 25% reported by the American Society
of Echocardiography (35) . The correlatio.i coefficients ob-
tained for one-dimensional echocardiography in our study
are lower than those reported previously
. This may be
attributed to the relatively narrow range of mass values
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Pearson correlation coefficient . MRI = magnetic resonance imaging ; 1D Echo-Penn = M-mode echocardiographic method (Penn convention) (3); 2D
Echo-AL =
two-dimensional echocardiographie area-length method
(8); 21) Echo-TE = two-dimensional echocardiographic truncated-ellipsoid method (8) ; 3D
Echo-PSR = three-dimensional echocardiographic polyhedral surface reconstruction method
.
encountered in our normal subjects compared with the wide
range of values reported in populations with heart disease .
However, our standard errors of the estimate for one-
dimensional echocardiography are in fact lower than those
reported by previous investigators (6) .
The American Society of Echocardiography (8) has rec-
ommended either the two-dimensional truncated ellipsoid or
the area-length method of left ventricular mass computation,
which use a single apical view and a midventricular short-
axis view. These methods have been reported to be superior
to one-dimensional echocardiographic methods, although
they still use assumptions of ventricular shape and image
relations (2,5) . They require that the views be orthogonal
with the ventricle and each other, a condition not verified
and seldom attained (22) . These assumptions are required
because the position and orientation of each image is not
spatially registered in conventional echocardiography, a
major deficiency limiting quantitative capability . In addition,
image plane positioning errors occur because the operator is
unable to visualize anatomic landmarks in the dimension
orthogonal to the real-time image plane. Both types of error
lead to high measurement variability among operators (23)
that limits test reliability for serial evaluation of left ventric-
ular mass in individual patients . The correlation coefficients
obtained for two-dimensional echocardiographic estimates
of left ventricular mass in our study are somewhat lower
than those reported in previous studies, in part because of
the narrow range of mass values encountered in our normal
subjects. However, our standard errors of the estimate were
no greater than, and in fact were lower than, reported values
of 31 to 71 g, depending on the algorithm used (5,6) . The
interobserver variability for mass computation by conven-
tional two-dimensional echocardiographic methods is some-
what greater than those reported in some studies (36) . This
may be due to the conduct of the studies in laboratories
specially dedicated to reporting quantitative two-dimen-
sional echocardiographic measurements . However, there is
a need for more improved accuracy and reproducibility in all
laboratories before routine serial measurement of left ven-
tricular volume and mass in individual subjects can be used
clinically to provide information for diagnosis, management
and assessment of therapy .
End-Diastole End-Systole
r
Value*
SEE
(g)
p
Value Regression Equation
r
Value*
SEE
(g)
P
Value Regression Equation
1D Echo-Penn vs . MRI 0.725 25 .6 0 .018
ID Echo-Penn = 0.99 (MRI) + 4 .0 0 .788 28.7 0.007 ID Echo-Penn - 1 .35 (MRI) - 19 .2
2D Echo-AL v s. MR[ 0.694
24 .2 0 .030 2D Echo-AL = 0 .86 (MRI) + 32 .4 0 .717 28.2 0.030 2D Echo-AL = 1 .10 (MW) + 14.1
2D Echo-TE vs . MRI 0.687 21 .8 0 .030 2D Echo-TE = 0
.76 (MRI) + 27.7 0 .710 24.5 0.020 2D Echo-TE = 0 .90 (MRI) + 13 .0
3D Echo'PSR vs. MR] 0 2 10 .4 0 .001
3D Echo-PSR = 0.72 (MRI) + 32.2 0.908 10.8 0.0(1 3D Echo-PSR = 0.86() + 13 .2
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Comparison with previous three-dimensional echacatdio-
graphie studies. The results of our in vitro validation of mass
are consistent with our previous in vitro validations of
volume determination
using various phantoms . a stylized pin
model, nonuniform latex balloon phantoms and glutaralde-
hyde sheep and pig hearts. Low standard errors and accu-
racy ranging from 1 .6% to 2.3% were obtained in these
studies (25,26) .
Previous in vivo experience with three-dimensional echo-
cardiography for ventricular mass determination has been
limited only to preliminary results in transplant patients
reported by McGaughey et al . (20). However, previous in
vivo validation of the three-dimensional echocardiographic
system and the polyhedral surface reconstruction algorithm
has been carried out by us for left ventricular end-diastolic
and end-systolic volumes using MR[ as a clinical standard of
comparison . Correlations for end-diastolic volume (r = 0 .92 .
SEE 6.99 ml) and end-systolic volume (r ® 0 .81 . SEE 4 .01
ml) by three-dimensional echocardiography were signifi-
cantly improved compared with the conventional Iwo-
dimensional echocardiographic apical biplane summation of
disks method (r = 0 .48, SEE 20 .5 ml for diastole ; r = 0 .70,
SEE 5.6 ml for systole) (31) . Thus, three-dimensional echo-
cardiography reduces left ventricular volume computation
error by one-half to two-thirds by the elimination of geomet-
ric assumptions and by improving image plane positioning
through use of the line of intersection display . The current
study achieves comparable results for left ventricular mass
and improvement of three-dimensional echocardiography
over one- and two-dimensional echocardiography .
Advantages of the line of intersection display . Our three-
dimensional echocardiographic method overcomes two ma-
jor limitations of conventional echocardiography and can
therefore be expected to achieve better measurement of left
ventricular mass . In addition to measuring between image
planes, and thus eliminating the need for geometric or spatial
assumptions, our system improves image positioning . To
reduce or eliminate interobserver variability, two indepen-
dent operators not only must use the same standardized
procedure for measuring a dimension but also must repro-
duce the same tomographic image plane . High interobserver
measurement variability of left ventricular dimensions was
noted in previous two-dimensional echocardiographic stud-
ies because of variable positioning of the tomographic image
plane (22,23) Good measurement reproducibility requires
reduced variability in the position and angulation of the
ultrasound image in its orthogonal, nonvisualized dimen-
sion. This reduction can now be achieved with a three-
dimensional echocardiographic system capable of orienting
and guiding positioning of the interrogating beam . This
feature is provided on-line in an interactive manner and
provides immediate three-dimensional spatial information to
the operator to help direct the course of an examination (21).
Other three-dimensional echocardiographic systems have
not provided this feature . By observing the position, angu-
lation and changing relations of the line of intersection to
anatomic landmarks in the orthogonal reference image, the
operator can guide the movement of tae real-time image in
the nonvisualized dimension . This corrects undesirable dis-
placement, angulation or rotation of the image and may
improve examination quality by correcting positioning
errors .
When applied to the measurement of ventricular mass,
line of intersection guidance is used to accurately position
the short-axis end-planes at the base and apex . It is also used
to achieve accurate angulation and spacing of images
through the body of the ventricle to ensure adequate repre-
sentation of the curvature of its walls. As a result of the
polyhedral surface reconstruction algorithm and line of
intersection image positioning guidance, three-dimensional
echocardiography is more flexible in positioning images than
one- or two-dimensional echocardiographic methods and
advantageously uses additional echocardiographic windows .
Advantages of polyhedral surface reconstruction algo-
rithm. Use of the polyhedral surface reconstruction algo-
rithm eliminates the need to make any geometric assump-
tions about ventricular size or shape . It also permits
acquisition of unevenly spaced, nonparallel images to define
the ventricular surface . This flexibility allows use of multiple
cardiac windows to optimize representation of the ventricle
rather than restricting imaging to a predefined set of views
acquired from one window . It is generally easy to obtain a
set of short-axis images adequately depicting the entire left
ventricle when multiple windows and nonparallel, unevenly
spaced images can be used . When geometric constraints or
assumptions are required, such as obtaining perpendicular
images, it is often difficult or impossible to achieve satisfac-
tory endocardial boundary definition. Because nonparallel
cross sections can be used by the three-dimensional algo-
rithm, image planes can be flexibly positioned so that endo-
cardial and epicardial boundaries are optimally visualized .
Sources of error and study limitations . In our previous in
vitro investigations (25,26), our three-dimensional echocar-
diographic system proved to he highly accurate and did not
introduce new measurement errors. The accuracy of the
locater is -0.1% of the measured distances (30--32)
. The
system accuracy in measuring volumes in vitro is -0 .4%
(25) . A limitation of this study is that the in vivo results
reported in this study involve only small numbers of normal
subjects and thus must be viewed as preliminary. Another
limitation is that one- and two-dimensional echocardio-
graphic studies were not performed on the same day as the
three-dimensional echocardiographic and MR] studies . Fur-
ther validation is required for mass determination in large
numbers of patients with abnormal ventricles .
The method of data acquisition used in this study is to
place and hold the imaging transducer in a desired location,
acquire a single set of spatial coordinate data and subse-
quently acquire a series of 16 video images over the next
second
. Hence, a single spatial data set is assigned to each
image . The alternative method is to continuously acquire
spatial coordinate data during image acquisition, assigning a
3ACC Vol. 24, No . 2
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new set of spatial data to each video image as it is acquired
(9)
. Both methods, in the absence of respiratory gating and
registration of body motion, are subject to misregistration of
data
. If respiratory or whole-body motion occurs during data
acquisition, subsequent data will be misregistered with re-
spect to data acquired before the motion, regardless of
whether the method of data acquisition is discrete or contin-
uous. Our discrete method of data acquisition is also subject
to potential error because of transducer motion occurring
during the 1-s acquisition of 16 video frames . During acqui-
sition, two ventricular systoles and the diastolic interval
between them are captured when heart rates are normal . To
ensure that transducer motion does not introduce significant
error, we demonstrated no significant difference in computed
ventricular volumes using the first end-diastolic image of
each data set compared with the second end-diastolic image
of the data set (27) . From these results, we infer that
although transducer motion during image acquisition by the
discrete method is theoretically possible, in practice it does
not introduce significant error into the results of mass
computation .
The polyhedral surface reconstruction algorithm slightly
underestimates ventricular volume . The algorithm approxi-
mates the ventricular surface by a series of short straight
chords that are connected to form triangles . The chords
between points on the traced boundaries (contour elements)
are very short and accurately approximate the curve . Those
between traced boundaries (spans) are variably longer, de-
pending on the spacing chosen by the operator . Because the
curves being traced are usually convex, there will be a slight
tendency for the straight line approximation underlying the
surface to be shorter than the surface . As a consequence, the
volume lying between the true surface and the surface
approximated by the triangles will be omitted, resulting in a
slight underestimation of volume. However, when 7 to 10
cross sections are used to represent the adult ventricle,
based on the work of Weiss et al . (37), significant under
estimation is not introduced .
Boundary tracing error remains a significant potential
source of error with all imaging methods and by far out-
weighs other errors mentioned oar -4misly . However, satis-
factory accuracy and reproducibility can be achieved by
careful adherence to a well defined rule for tracing . In our
experience, tracing endocardial and epicardial boundaries on
the "white" side of the black and white boundary has
produced the best results . Another source of error is difficult
visualization of the tip of the ventricular apex . Frequently,
the apex will underlie a rib, making it difficult to image
regardless of transducer position. Use of the second
parasternal long-axis reference image over the apex greatly
helps its accurate localization, however . Variable inclusion
of the papillary muscle as part of the myocardium introduces
another source of error to ventricular mass computation.
Magnetic resonance imaging has been validated in vivo
for left ventricular mass determination in animal studies
(28,29)
. However, formal in vivo human anatomic validation
has not been performed. Magnetic resonance imaging is
known to slightly overestimate myocardial mass because of
partial volume effects and improper border definition (28).
Partial volume effects are most important in areas of the
heart that exhibit significant curvature of the epicardium or
endocardium, particularly at the apex. Improper positioning
of the patient may result in partial volume errors arising from
oblique cross sections . Five 1-cm thick slices were obtained
in accordance with previous in vivo MR] validation studies
(28,29) . Use of additional slices may have reduced partial
volume effects but would have significantly increased the
image acquisition time . Border definition remains a source of
error of all imaging techniques including MRI . However,
saturation outside the region of interest was applied to
enhance endocardial-blood pool boundaries. Mass at end-
systole was not used in the analysis because of the potential
underestimation of mass associated with base to apex trans-
lation of the heart during systole . However, this effect is
small, and previous investigators have reported no signifi-
cant differences among values obtained at end-diastole and
at end-systole (28) .
Conccllusions . The results of this study demonstrate that
three-dimensional echocardiography using the polyhedral
surface reconstruction algorithm and the line of intersection
display for image positioning guidance provides an accurate
and reliable estimate of left ventricular mass comparable to
MRI in normal subjects . Furthermore, three-dimensional
echocardiography is superior in accuracy and interobserver
variability compared with conventional one- and two-
dimensional echocardiographic methods for mass determi-
nation in normal subjects .
Implications. To date, serial quantitation of left ventric-
ular mass has remained primarily a research tool, not a
clinical one, in part because convenient, accurate and repro-
ducible methods to measure it have not been developed . The
availability of an accurate reproducible line of intersection-
guided three-dimensional echocardiographic method of esti-
mating left ventricular mass may have great benefit for
routine clinical use as well as for large-scale clinical studies .
We anticipate that the variance associated with three-
dimensional echocardiographic measurements will be suffi-
ciently small to allow it to be relied on for serial determina-
tions in individual subjects . However, good performance in
normal subjects does not ensure good performance in dis-
torted hearts. To establish its serial use in patients, further
validation studies with large numbers of patients with abnor-
mal ventricles are required . The improvement in three-
dimensional echocardiography over one- and two-dimen-
sional echocardiography is expected to be further enhanced
in this group of patients who have ventricular abnormalities
that make geometric and image plane positioning assump-
tions more tenuous. Inasmuch as echocardiography is low in
cost, noninvasive, portable, easily repeatable and widely
available, this new three-dimensional capability for quanti-
tative measurement of left ventricular mass shows promise
JACC Vol. 24, No. 2
August 1994 :504-13
for serial evaluation of patients wish hypertension, heart
failure and myocardial infarction .
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